Oxyfluorfen herbicide residues have been previously reported in surface and ground water in the Guadalquivir river basin in Spain. Soil factors and processes (sorption, dissipation and leaching) influencing the potential offsite transport of oxyfluorfen to surface and ground water were characterized in laboratory experiments for two soils from Southern Spain. The influence of olive-oil mill waste amendment on the soil processes was also determined. Oxyfluorfen sorption in unamended soils was not significantly affected by soil active components (organic matter and clay fraction). However, a significant increase in soil sorption of the herbicide was observed with upon amendment. Laboratory half-life values for oxyfluorfen in unamended sandy clay loam and silty clay soils at 40% moisture content and 25°C were 29 and 19 days, respectively, and it increased by a factor of 4 upon amendment. Oxyfluorfen's mobility along soil profile increased with the amendment in leaching studies at 25°C, suggesting that dissolved organic matter of amendment can play an important role enhancing soil vertical movement of the pesticide. The increase in soil adsorption and persistence observed with olive-oil mill waste amendment can promote its losses by runoff following winter application, whereas vertical movement of oxyfluorfen can be enhanced following spring application when olive-oil mill waste amendment is also applied. 
Introduction
Olive orchard is one of the most important crops in the Mediterranean area, with Spain, Italy and Greece being the main producers of olive oil. In Spain, olive tree cultivation occurs primarily in the Southern region (Jaen, Córdoba and Seville provinces) along the Guadalquivir River basin. The rainfall period, at the end of fall and the start of winter, coincides with herbicide application before harvesting, which can enhance the water contamination problems associated with pesticide use in this regional crop system [1] .
Countries with a high production of olive oil generate very large amounts of olive-oil mill waste. This organic residue is generally promoted as a natural, low-cost, carbon-recycling amendment in olive cultivar regions of Southern Europe [2, 3] and is particularly valuable in semiarid locations of this cultivation [4] . The addition of organic residues has also been shown to greatly influence the behavior of herbicides and other organic chemicals in soils; however, these effects depend upon the specific herbicide compound, soil and amendment characteristics [5--7] .
Oxyfluorfen, an herbicide applied in several crop cultivations as e.g., sunflower, onion, citrus and asparagus, has been detected in ground and surface waters in Southern Spain mainly associated with olive crops [1] . The concentration levels were three to five times the drinking water limit (0.1 µg L --1 ). This contamination was largely related to runoff and leaching processes in winter and spring time, respectively. However, no studies relating soil processes of oxyfluorfen in water have been reported so far, except for that which was conducted under very different climatic and agronomic application conditions [8] .
The soil factors or processes involved in the fate of pesticides in soil are well known and assessed elsewhere [9] [10] [11] . Soil processes that decrease potential water contamination by pesticides are those that contribute to their disappearance: i) as bound residues, irreversibly adsorbed or entrapped in small soil pores [12, 13] , and ii) disappearance by any type of degradation route [9] i.e., photodegradation in top surface soil layers [14, 15] , and biodegradation [16] .
The objective of this research was to assess the soil factors and processes influencing the behavior of oxyfluorfen as related to its use on olive cropped soils in Southern Spain. The effect of olive-oil mill waste, added as soil organic amendment, was also determined since this agronomic management has been shown to either decrease or enhance herbicide contamination potential, depending on the soil and molecule [5, 17] .
Materials and methods

Herbicide and soil characteristics
Oxyfluorfen (2-chloro-4-trifluoromethylphenyl-3-ethoxy-4-nitrophenyl ether) is a yellowish crystalline compound, which has a vapor pressure of 0.0267 mPa at 25°C and solubility in water of 0. . The herbicide was purchased from Dr. Ehrenstorfer (Augsburg, Germany) with a purity of 98%. 14 C-labeled oxyfluorfen (oxyfluorfen-benzene-Ph-UL- 14 C, specific activity 10.2 mCi mmol --1 , radiochemical purity 99.6%) was graciously provided by Dow Agrosciences LLC, Indianapolis, IN.
Two soils devoted to olive crop use were chosen for this study: A sandy clay loam soil classified as calcic cambisol [18] from an experimental farm located in Coria del Río (Seville, SW Spain) and a silty clay soil (chromic luvisol, [18] ) from an experimental farm located in Mengíbar (Jaen, SE Spain).
Physicochemical properties of the soils are shown in Table 1 and were determined by the Analysis Service of IRNAS. Soil pH was measured as soil/deionized water 1:2.5 (w/w) suspension. The texture was determined by a Boyoucos hydrometer method, carbonates by the Bernard calcimeter method and organic matter (OM) by the Walkley and Black method [19] . Dissolved organic carbon (DOC) was 
Soil porosity
The soil pore-size distribution (from 600 to 0.004 μm) was determined by mercury intrusion porosimetry using a Micromeritics Autopore IV mercury intrusion porosimeter. Porosity was determined in soil samples from the soil column leaching experiment described below, once they were air-dried. , and a mercury solid contact angle of θ = 171.3° were assumed in the Washburn equation (1) to calculate the pore size distributions:
where p is the capillary pressure, r is the radius of the pore where mercury intrudes, γ is the surface tension of mercury and θ is the contact angle of mercury on the surface of the solid sample. ) versus the equilibrium concentration (C e , µg mL
Sorption study
) and fitting the isotherms to the Freundlich equation, Eq. (2):
C s for adsorption was calculated from the differences between initial and equilibrium oxyfluorfen concentrations in solution. Organic C-normalized K f values (K f-oc ) were calculated by dividing K f by the organic carbon content of the soils. The hysteresis value H, Eq. (3), was calculated as a measure of the sorption reversibility:
The H value ranges from 0, which corresponds to total irreversibility, to 1, which implies full reversibility, although some values >1 has been reported [20] .
Dissipation study
Amended and unamended soils (500 g) were placed in glass bottles (inner diameter 9 cm) and treated with 6 mL of an ethanol solution of oxyfluorfen (100 mg L -1
) to approximately achieve the field mean dose (4 L ha -1 of commercial oxyfluorfen 24% (w/v) a.i.). After 1 h equilibration, water was added to the soils to obtain two different soil moisture contents, 20 and 40%. The soils were incubated at 25°C in the dark. The soil moisture content was maintained during the experiment adding the appropriate amount of water. 10 g soil samples were removed from the bottles in duplicate, ten times, from 0 up to 84 days and extracted with 20 mL methanol. The soil samples were centrifuged (5724 × g, 10 min) and the supernatants were filtered (0.45 µm) prior to analysis of oxyfluorfen residues by high pressure liquid chromatography (HPLC).
Leaching study
Soil movement of oxyfluorfen was studied in glass columns (20 cm length × 3 cm id), with glass wool at the bottom of the column to avoid soil particle losses. These columns were hand packed with 180 g of amended and unamended soils. Sea sand was added on the top of the column to allow uniform distribution of the herbicide and water in the soil column. The soil column was saturated with 0.01 M spring in Southern Spain.
Oxyfluorfen soil extraction and analytical conditions
Oxyfluorfen soil extraction during dissipation and leaching studies was accomplished in a soil/methanol solution 1:2 (w/v). Previously, it was checked that this extraction method gave a recovery efficiency of 98.5% and a relative standard deviation (RSD) value of 1.68% (n = 
Results and discussion
Soil properties and porosity
The soil properties relevant to pesticide soil behavior [9] [10] [11] and their changes upon amendment are summarized in Table 1 . The increase in organic carbon (OC )with the olive-oil mill waste amendment was slightly higher in the sandy clay loam soil than in the silty clay one. The soil pH decreased in the sandy clay loam soil and it did not change in the silty clay soil due to the presence of carbonate. Large differences were observed in the DOC content between the two original soils with greater DOC in the silty clay soil compared to sandy clay loam soil. Addition of amendment increased the DOC of both soils, but the increase was much greater for sandy clay loam soil as compared to silty clay soil, indicating that a large part of the added DOC from olive-oil mill waste amendment was strongly sorbed to the soil surfaces of silty clay soil. This is very important with respect to the nature of the soil surfaces exposed to the solute molecules such as herbicides [7, 21] .
Total cumulative soil pore volumes and their distribution versus pore radius are shown in Fig. 1 . The higher porosity of sandy clay loam soil is mainly due to the higher amount of large pores (>10 µm), or transmission pores, which accounted for 85% of the total porosity. Whereas in silty clay soil, the pores >10 μm only accounted for 56% of the total porosity. The inverse relationship between the high porosity at high pore radii and clay contents has been previously reported for other soils [22, 23] . Figure 1 shows that the total porosity increased upon organic amendment in both soils. This increase, mainly due to the development of large size or transmission pores (>10 μm) is higher in silty clay than in sandy clay loam soil. The different amounts of DOC in amended sandy clay loam and silty clay soil may be related to the different porosity development in each soil. The increase in DOC in both soils after amendment (Table 1) is lower in the case of silty clay than in sandy clay loam soil. This suggests a stronger interaction of dissolved organic matter (DOM) with the components of silty clay soil, possibly with its high clay fraction, which could be related to the greater development of >10 μm pores.
Furthermore, this clay-DOM interaction in amended silty clay soil may have implications for the nature of the surfaces of soil components and pores [7, 20] , and hence in the pesticide--soil particles interactions Comentario [PH3]: explanation [7] and in the pesticide movement with water [17] as it will be discussed below.
Sorption study
Oxyfluorfen sorption isotherms on unamended and amended soils were well described by the Freundlich equation (R 2 > 0.99) ( Table 2) could be related to its higher DOC content; it is known that DOM molecules (of polar character and small size) may compete with herbicide molecules for the sorption sites in soils [7, 20] especially at the clay surfaces, which are abundant in this soil. However, the amendment with olive-oil mill waste increased the adsorption of oxyfluorfen in both soils, K f increased from 28 to 72 (sandy clay loam soil) and from 17 to 56 (silty clay soil). This was mainly due to the increase in the OC content after the addition of the organic amendment ( Table 1 ). The increase in K f was similar for both soils (44 for sandy clay loam soil and 39 for silty clay soil) as it was directly related to the increase in OM (2.4 for sandy clay loam soil and 1.9 for silty clay soil) upon amendment.
An increase in the herbicide adsorption upon soil amendment with olive-oil mill waste was also found for simazine and diuron [5, 7] . Values of K f normalized by the OC content of the soils (K f-oc ) showed considerable variability ( Table 2 ), indicating that organic C alone cannot account for the different adsorptive properties of the soils [20] . Addition of the olive-oil mill waste had contrasting effects on the K f-oc values of the two soils, decreasing in sandy clay loam soil and increasing in silty clay soil. In this case, DOM can interact with the more abundant clay fraction in silty clay soil and enhances the efficacy of OM added to soil for oxyfluorfen adsorption, as compared to sandy clay loam soil [20, 23] . This is confirmed by the different amounts of DOC found in both soils ( Table 1 (Table   2 ).
Dissipation study
Dissipation curves obtained during the 84 days of incubation were fitted to first-order kinetics and the parameters for these equations are summarized in Table 3 . In unamended soils, half-life (DT 50 ) values at 20% moisture levels were 39 days for sandy clay loam soil and 75 days for silty clay soil.
Increasing the soil moisture to 40%, DT 50 decreased to 19 days for sandy clay loam soil and 29 days for silty clay soil and are in general agreement with those reported by other authors [25--27] . Pesticide dissipation is the result of a complex combination between different processes and depends on soil and pesticide properties [28] . Despite the photolysis process reported for oxyfluorfen dissipation in soil [14] , we observed a very low photodegradation of the herbicide after 96 h Xenon lamp irradiation (22% in sandy clay loam soil and 10% in silty clay soil) (data not shown). Thus, we considered that photodegradation did not play an important role in the dissipation of oxyfluorfen in our soils and other dissipation processes should be considered. Oxyfluorfen dissipation can be attributed to microbial degradation [29, 30] and depends on microbial species and temperature [29] . Some authors have found that an increase in soil moisture level consistently decreased pesticide persistence [31, 32] and it has been related either to an increase in pesticide bioavailability [33] or/and to an enhancement of soil microbial activity [34] . Differences in degradation rates with soil moisture could be more related to changes in microbial population activity. However, the disappearance of the herbicide could be also contributed by the formation of bound residues [35] , which could be supported by the high irreversibility measured in the adsorption of oxyfluorfen in our soils. That process is recognized to have a relevant contribution to the fate of pesticides in soils.
Amending the soils with olive-oil mill waste resulted in an increase in the persistence of oxyfluorfen in both soils (Table 3 ). In amended soils at 40% moisture, DT 50 values were 88 and 120 days for sandy clay loam and silty clay soils, respectively. Although DT 50 values are not merely related to the sorption coefficient (K f ), as other authors have observed [28] , those values seem to confirm that soil OM and clay content and organic amendment increase herbicide soil persistence. The increase on oxyfluorfen sorption upon amendment, observed in both soils, protects the herbicide against biodegradation. The chemical--physical interactions (bonds) between pesticide and OM added could mask sites of actions where pesticide degradation can take place, thus resulting in its higher persistence.
Leaching experiment
No oxyfluorfen was recovered in any soil leachate, which suggests a low leaching potential of oxyfluorfen, in accordance with other authors results [12, 36, 37] . The oxyfluorfen residue distribution in soil columns at 5°C (Fig. 2) showed higher amounts of residual herbicide in the first 5 cm, indicating very low mobility and low occurrence of other dissipation processes at this temperature. However, a higher mobility was observed in sandy clay loam soil as compared to silty clay soil. No significant differences appear evident in oxyfluorfen soil distribution with the amendment and in both soils at 5°C. This result points out a high persistence of oxyfluorfen in the top soil and hence an increase in its runoff potential when applied to soil at winter, which is the case of olive crop in Southern Spain, and could be facilitated by olive-oil mill waste amendment.
Higher amounts of oxyfluorfen residues were found in silty clay soils than in sandy clay loam soils at 25°C (Fig. 2) . This could be due to the higher volume of small pore sizes found in the first one (Fig. 1) .
Some authors observed that herbicide molecules can be entrapped in this type of pores, enhancing its soil retention [13] . With respect to oxyfluorfen distribution along the soil column at 25°C, higher depths were reached in amended soils than in unamended soils. The increase in DOC after soil amendment (Table 1) could have some effect on oxyfluorfen soil movement at this temperature. DOM water movement has resulted in the development of new pores in amended soils in the medium size region (100--10 µm; Fig.   1 ), which could facilitate downward movement of oxyfluorfen molecules. In fact, the downward movement resulted more relevant in the amended silty clay soil at 25 °C (Fig. 2) . Hence, olive-oil mill waste soil amendment is not a recommended management practice when oxyfluorfen is applied to soil because it enhances downward mobility of the herbicide.
The low recovery of oxyfluorfen in the sandy clay loam soil columns can be attributed to microbial degradation and differences in the microbial population of soils and/or formation of bound residues. This assumption is also in accordance with the results of the dissipation study, shorter DT 50 were observed in the sandy clay loam soil.
Concluding remarks
The results of this study show the increase in soil sorption of oxyfluorfen when olive-oil mill waste amendment is used, and how this affects processes related to environmental behavior. Persistence was related to bound residues formation and biodegradation processes increasing DT 50 values upon amendment by a factor of 4. Leaching through the soil profile depended on soil composition, temperature and soil porosity, which increased upon amendment. At low temperature, oxyfluorfen accumulated in the top cm of soils. In contrast, at 25°C oxyfluorfen moved through the soil profile, showing greater vertical mobility upon amendment. 
